, both of which have a broad distribution among non-avian theropod dinosaurs such as Velociraptor. A study on page 502 by Clarke et al. 3 reports the identification of an avianspecific feature -the sound-producing syrinx -in a Late Cretaceous (69 million to 66 million years ago) fossil of a bird recovered from the Antarctic Peninsula.
Modern birds are a tremendously diverse group, numbering about 10,000 living species 4 . Thanks to an impressive range of anatomical and behavioural specializations, birds have spread to almost every environment on the planet. Although considerable ink has been spilled regarding the roles of avian feathers, wings, feeding systems and body-size differences as drivers of this diversification, the fossil record has produced only limited information regarding the evolution of avian social and behavioural systems. The evolution of the syrinx, that one avian-specific feature responsible for the vast array of sounds produced by birds, is sorely understudied. The work of Clarke and colleagues represents one of only a handful of examples from the entire avian fossil record in which the mineralized cartilage rings of the syrinx, which support the sound-producing soft-tissue membranes, have been identified. So far, the sound-producing system for non-avian dinosaurs has been thought to be the muscular tube in the throat known as the larynx. Such inferences rest on generalized comparisons with other (non-avian) ancestral groups known as tetrapods, and there is a relative dearth of studies that even consider the origin of the syrinx.
Clarke et al. assigned the fossil to the bird and colleagues take a substantial step forward in this quest by presenting a neuro-computational system that shows striking similarities to a digital computer. The authors' system consists of several modules, all of which are entirely non-symbolic and operate by exchanging streams of purely analog activation patterns -just like those recorded from biological brains. There are two main modules: a 'memory' comprised of a large grid of memory cells, each of which can have a particular numerical value that is akin to a voltage; and a 'controller' , which is an artificial neural network. The controller can access selected locations on the memory grid, read what it finds there, combine that with input data and write numerical values back to selected memory locations. The two modules interact in many respects like the RAM and central processing unit of a digital computer.
Graves and colleagues demonstrate the capabilities of their system by putting it through several tasks that require rational reasoning, such as planning a multi-stage journey using public transport. Such tasks are fairly easy to solve using the symbolic computer programs of artificial intelligence, but have so far been rather out of reach of artificial neural networks.
A digital computer solves a given task by executing a program that has been written for that purpose. By contrast, the authors' neural system cannot and need not be programmed -instead, it is trained. During training, the system is presented with a large number of solved examples of the task at hand. With each new presentation, the system slightly adapts its internal neural wiring so that its response moves gradually closer to the given task's solution.
The analog, smoothly adaptable nature of the authors' neural system is the key to its ability to be trained. Mathematically speaking, the system is a 'differentiable function' , which has led to the authors calling it a differentiable neural computer (DNC). A digital computer is not differentiable and could not be trained in any similar fashion.
A DNC is a mathematical object that boasts tens of thousands of adjustable parameters. Training such a monster raises a plethora of mathematical, numerical and run-time issues. Only in the past few years has machinelearning research overcome these obstacles, through a compendium of techniques that have become branded as deep learning 5 . The authors' training of a DNC is a splendid demonstration of the power of deep learning.
Graves et al. steer clear of grand claims about their work's implications for the neuralsymbolic integration problem and, with due caution, suggest possible mappings of DNC structures to those of biological brains. This is wise, because the debates fought out in this arena are fierce and without winners. Instead, the authors establish an undeniable technical anchor point that will help to ground the
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Ancient avian aria from Antarctica
A discovery of the sound-producing vocal organ known as the syrinx in a bird fossil from the end of the 'age of dinosaurs' highlights the anatomical basis for myriad aspects of avian social and behavioural evolution. See Letter p.502 debates -they have shown that certain nontrivial, central aspects of symbolic reasoning can be learnt by artificial neural systems.
With regard to practical exploits, deeplearning methods have so far excelled in tasks that require limited or no working memory, such as image recognition 6 and sentence-wise language translation 7 . Whether or not DNCs will bring about practical advances in big-data technologies remains to be seen. The authors' demonstrations are not particularly complex as demands on rational reasoning go, and could be solved by the algorithms of symbolic artificial intelligence of the 1970s. However, those programs were handcrafted by humans and do not learn from examples.
For the time being, the DNC by itself cannot compete with state-of-the-art methods in digital computing when it comes to logical data mining 8 . But a flexible, extensible DNCstyle working memory might allow deep learning to expand into big-data applications that have a rational reasoning component, such as generating video commentaries or semantic text analysis. A precursor to the DNC, the neural Turing machine 9 , certainly sent thrills through the deep-learning community. ■
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species Vegavis iaai, which belongs to the group that includes ducks, geese and swans. The specimen was recovered from Antarctic rocks in layers just below and older than the layer corresponding to the CretaceousPalaeogene extinction event some 66 million years ago, which wiped out the non-avian dinosaurs and many other organisms around the globe. The current research builds on the earlier landmark study 5 establishing the species V. iaai as the only unambiguously identified modern bird fossil known from the entirety of the Mesozoic Era (252 million to 66 million years ago). Now V. iaai is revealing clues about the evolution of the avian vocalization apparatus, and about vocal communication in the group more generally.
The researchers scanned the fossil specimen using a high-resolution X-ray imaging technique termed microcomputed tomography, which enabled them to construct a threedimensional representation of the syrinx, a structure about 1 centimetre in diameter. To improve the anatomical interpretations and constrain the range of sounds that the bird might have produced, the authors used another type of tomography that provides information on both hard and soft tissues to assemble an additional data set for samples from 12 groups of present-day birds. This approach of contextualizing fossil data with information derived from extant animals, in which both hard and soft tissues can be linked to functional and performance parameters, represents the current standard in palaeontology. Both hard and soft tissues are necessary for sound production, with the cartilaginous rings providing support for the vibrating soft-tissue membranes.
The authors defined the basic shape and size of the fossil syrinx and its associated bronchial (lung) and tracheal (windpipe) segments, noting several characteristics, such as the fusion of cartilage rings and asymmetry between the left and right sides of the syrinx, that are useful for making comparisons with structural data from the present-day birds (Fig. 1) . The researchers refrained from overinterpreting the fossil, particularly with regard to inferring the presence of the intricate muscular and membranous tissues known to be crucial for complex vocalization in living birds. Instead, the authors note general features that are similar to those in present-day ducks and geese, an interpretation that is consistent with other skeletal features affiliating Vegavis with this branch of the bird family. This structuralreconstruction analysis suggests that V. iaai had the ability to produce basic honks and other simple sounds typical of ducks and geese.
Despite a truly amazing fossil record containing evidence that has expanded the distribution of certain avian features such as feathers among non-avian theropod dinosaurs, fossilized components of the vocal apparatus have yet to be discovered in non-avian theropods. Taking the fossil record at face value, Clarke and colleagues suggest that the syrinx therefore represents a feature that evolved relatively late in the bird lineage compared with feathers and flight. In other words, the syrinx might be a defining avian feature that played a vital part in the tremendous diversification of the group. But as we repeatedly find in the world of palaeontology, inferences derived from the fossil record are ephemeral entities lasting only until the next spectacular fossil is recovered.
Clarke and colleagues' study also highlights the potential for other researchers to take a much closer look at both new and previously recovered fossils for evidence of the syrinx. I suspect that there are additional examples of this seemingly avian-specific structure already in museum collections around the globe. Moreover, studies such as that by Clarke et al. will certainly inform fossil examination, and, perhaps most importantly, how scientists frame questions about bird evolution. For example, comparative biologists have had no reason to consider the possibility that something like the syrinx would be discoverable in a fossil -now that scientists can characterize its precise size and shape, an entire field of enquiry about how the syrinx functions in living birds, and its role in social evolution, is ripe for the picking.
As any real 'birder' enthusiast will be quick to inform the casual naturalist, a bird's appearance is only one aspect of its biology, with chirps, honks and other more complex vocalizations offering the best insight into the vast array of behaviours and social interactions exhibited by the plentiful species of extant birds. Clarke and colleagues have uncovered one key piece of that puzzle in a small bird fossil from Antarctica, foreshadowing the soundscape of things yet to come during avian diversification. ■ 
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